H ypertension is one of the most common medical complications of pregnancy that affects both fetal and maternal health and is often life threatening. 1, 2 Multiple maternal organs are affected by hypertension in pregnancy, including the brain in the form of eclampsia. [1] [2] [3] [4] Eclampsia is a leading cause of maternal death, with classic neurologic symptoms that include headaches, nausea, vomiting, cortical blindness, coma, and convulsions. [5] [6] [7] [8] [9] Although numerous organs are affected by hypertension in pregnancy, cerebrovascular involvement is the direct mechanism of death in Ϸ40% of patients. 6, 7 The major cerebrovascular changes in eclampsia have been shown to be similar to those described for hypertensive encephalopathy, including loss of cerebral blood flow (CBF) autoregulation, hyperperfusion, and edema. 8 -12 In support of this concept, clinical and neuroimaging findings during eclampsia are consistent with edema, which is thought to result from a rapid rise in blood pressure that causes forced dilatation of cerebral vessels, breakthrough of autoregulation, and blood-brain barrier (BBB) disruption. [12] [13] [14] [15] In fact, the neurologic symptoms of eclampsia are often interpreted as a form of hypertensive encephalopathy. 8,16 -18 It is well known that pregnancy is associated with significant cardiovascular adaptation of both local and systemic circulations. 2,19 -22 Although the vascular changes that occur during pregnancy have been the subject of intense study in many organs, the effect of pregnancy and hypertension during pregnancy on the cerebral circulation is just coming to be understood. This review focuses on structural and functional changes in the cerebral circulation during normal pregnancy and the postpartum state that may contribute to the development of eclampsia, including changes in CBF autoregulation and cerebrovascular resistance (CVR) that enhance BBB permeability and hydrostatic brain edema. In addition, how hypertension during pregnancy, being somewhere between acute and chronic hypertension, affects the cerebral circulation is discussed.
Eclampsia as a Form of Posterior Reversible Encephalopathy Syndrome
Eclampsia is defined in the obstetric literature as the new onset of seizures in a woman with preeclampsia, whereas preeclampsia is defined as blood pressure Ͼ140/90 mm Hg with significant proteinuria. 1 Although it is seizure that defines eclampsia, some neurologic symptoms can precede the onset of seizure, such as persistent headaches, blurred vision, photophobia, and altered mental status. 1, 2, 6 There has been considerable debate as to whether the neurologic symptoms of eclampsia arise from "overautoregulation" that causes vasospasm and ischemia or from hyperperfusion that causes cerebral edema formation. 23 This uncertainty over the cause of eclampsia is likely because clinical findings of eclampsia have shown varying degrees of hemorrhage, cerebral edema, and vasculopathy. 1, 8, 11 However, the reversibility of clinical neurologic signs and neuroradiologic lesions within a few days or weeks postpartum in most cases argues against the existence of true cerebral ischemic necrosis. In fact, the clinical and neuroimaging findings are more consistent with edema. 5, 8, [13] [14] [15] For example, the neuroradiologic hallmarks of eclampsia are reversible abnormalities that appear on computed tomography and T 2 -weighted magnetic resonance and diffusion-weighted images with high apparent diffusion coefficient, all suggestive of edema. 5,14,15,18,24 -28 The primary explanation for the pathogenesis of neurologic symptoms and edema formation during eclampsia is that it represents a form of reversible posterior leukoencephalopathy syndrome 29 or posterior reversible encephalopathy syndrome (PRES). 30 This syndrome is a variant of hypertensive encephalopathy with diverse causes, including immunosuppressive therapy, systemic lupus erythematosus, acute glomerulonephritis, and pregnancy. 31 Both hypertensive encephalopathy and PRES can arise from an acute elevation in blood pressure that overcomes the myogenic vasoconstriction of cerebral arteries and arterioles causing loss of autoregulatory capacity, BBB disruption, and vasogenic edema. 8, [12] [13] [14] [15] The concept that eclampsia can cause PRES has arisen from numerous similarities in clinical presentation including comparable imaging findings on computed tomography and MRI, 3, 5, 18, [31] [32] [33] the same neurologic symptoms (headache, vomiting, cortical blindness, and seizures), 3, 9, 16, 17 and the prompt reversibility of symptoms after blood pressure has been restored. 3, 9 The difference between hypertensive encephalopathy and PRES is that PRES can develop without a significant elevation in blood pressure. 31 In fact, eclampsia can occur at blood pressures that are considerably lower than those reported for hypertensive encephalopathy (discussed below), 31, 34 making the designation of PRES more appropriate. The occurrence of cerebral edema and neurologic complications at normal blood pressures during eclampsia suggests that autoregulatory breakthrough is not necessary but may be more related to diminished autoregulatory capacity or enhanced BBB permeability (because of either normal pregnancy or endothelial damage, discussed below) or a combination of both. In any case, the cerebral circulation is the primary effector of these symptoms and is central to the pathogenesis of eclampsia. Understanding how pregnancy and the postpartum state affect the structure and function of this unique vascular bed may provide important clues as to how eclampsia develops and to potential treatments of this devastating condition.
Brain Edema in Pregnancy and Eclampsia
Brain edema can be characterized as cytotoxic or vasogenic depending on whether or not the BBB is disrupted. 34 Cytotoxic edema occurs when brain cells, most notably astrocytes, swell at the expense of the extracellular space while the BBB remains intact. Vasogenic edema occurs when cerebrovascular permeability is increased because of BBB disruption that allows an influx of plasma constituents into the brain and expansion of the extracellular space. Because the increase in brain water associated with vasogenic edema occurs within the closed space of the skull, edema causes progressive brain compression and the classic neurologic symptoms of headache, nausea, vomiting, cortical blindness, and convulsions. 10, 35 The edematous brain can also displace brain structures and reduce perfusion, ultimately leading to infarction or herniation, common causes of death in eclampsia. 5, 36, 37 Although hypertensive encephalopathy-related brain edema occurs in several conditions including acute hypertension and cyclosporin A immunosuppressive therapy, it is most often reported in obstetrics cases. 38, 39 The formation of vasogenic brain edema in hypertensive encephalopathy is caused by increased BBB permeability and/or enhanced water flux into the brain because of pathologically increased blood hydrostatic pressure. 39 -42 The cerebral endothelium that forms the BBB is unique in that in the intact brain, there is very low hydraulic conductivity and essentially no ionic or solute flux. 43, 44 This unique configuration makes the effect of hydrostatic pressure on capillary filtration minimal and is a protective influence against vasogenic brain edema. However, under conditions in which there is diminished autoregulation, an acute rise in blood pressure can severely increase hydrostatic pressure on the microcirculation, causing endothelial cell damage, increased BBB permeability, and vasogenic edema. 41 This type of vasogenic edema is termed "hydrostatic brain edema" and is the primary explanation underlying the neurologic complications of hypertensive encephalopathy and eclampsia. 40 -42 The term "hydrostatic brain edema" was introduced by Ishii et al 40 in 1983 and results from an unfavorable hydrostatic pressure gradient between the cerebral blood vessels and brain tissue. Numerous studies in brain have shown that hydrostatic pressure alone is capable of causing BBB opening and edema formation. 41, 42, 45, 46 In fact, the hydrostatic pressure gradient seems to be the major factor in determining both the degree of the initial insult and the subsequent deterioration after the hypertensive event. 42, 45, 46 Similarly, it is the change in hydrostatic pressure during eclampsia, when autoregulation is diminished, that likely contributes to vasogenic edema and the neurologic complications associated with this condition. 42 Our own study using a model of hypertensive encephalopathy in nonpregnant and late-pregnant rats found that whereas pregnancy did not affect the pressure at which autoregulatory breakthrough occurred, only late-gestation animals developed significant edema formation in response to autoregulatory breakthrough (Figure 1) . 47 These results suggest that pregnancy alone predisposes the brain to the neurologic complications of eclampsia by promoting hydrostatic brain edema when blood pressure is acutely elevated. It should be noted that this study was conducted during normal rodent pregnancy and suggests that an acute elevation in pressure has a greater effect on brain edema during late gestation than the nonpregnant state. While interesting, the mechanism by which pregnancy enhances cerebral edema in response to acute hypertension is not clear. In addition, it is also not clear how a preexisting disease, such as preeclampsia, which has been shown to produce endothelial dysfunction and oxidative stress, 1 affects cerebral edema formation.
Mechanisms of Brain Edema
During Eclampsia
Cerebral Hemodynamics During Pregnancy and Eclampsia
Cerebrovascular resistance and CBF regulation are principally determined by vessel caliber, because blood flow is related to the fourth power of vessel radius. 48 Therefore, even small changes in lumen diameter have significant effects on CBF, and it is by this mechanism that CVR can change rapidly and dramatically to alter regional and global CBF. 48, 49 In normotensive adults, CBF is maintained at Ϸ50 mL per 100 g of brain tissue per minute, provided cerebral perfusion pressure (CPP), defined as the difference between arterial pressure at the Circle of Willis, and intracranial pressure is in the range of Ϸ60 to 150 mm Hg ( Figure 2 ). 49, 50 Above and below this limit, autoregulation is lost and CBF becomes dependent on mean arterial pressure (MAP) in a linear fashion. 48 Significant brain tissue damage occurs when autoregulatory mechanisms are lost. For example, during acute hypertension at pressures above the autoregulatory limit, the myogenic constriction of vascular smooth muscle is overcome by the excessive intravascular pressure, and forced dilatation of cerebral vessels occurs. 50 -53 Alternatively, autoregulation can be diminished or lost under pathologic conditions such as traumatic brain injury and stroke. 54, 55 The loss of autoregulation decreases CVR, a result that produces hyperperfusion, BBB disruption, and vasogenic edema formation, 5, [51] [52] [53] 56 the underlying cause of the neurologic symptoms of hypertensive encephalopathy and eclampsia. 5, 56 One of the most pronounced cardiovascular adaptations that occurs during pregnancy is that maternal cardiac output and plasma volume increase by 40% to 50% by midgestation. 22, 57 Total peripheral vascular resistance decreases significantly to accommodate the expansion in plasma volume, and, therefore, blood pressure does not rise, but actually falls somewhat midgestation and rises again to normal at term. 58 Because of the large increase in cardiac output and plasma volume during normal pregnancy, how CBF and CVR are affected is of interest but is poorly understood. The most commonly used method to study cerebral hemodynamics is transcranial Doppler (TCD), because it is noninvasive and can measure changes in blood velocity. However, because changes in vessel caliber and intracranial pressure cannot be determined, CBF and other hemodynamic parameters such as CVR and CPP can only be inferred. Although most studies using TCD have found that middle cerebral artery velocity decreases as gestation progresses, other hemodynamic values reported are difficult to interpret from a hemodynamic standpoint. For example, Belfort et al 60 used the method of Aaslid et al 59 to calculate CPP and found that it increased from 44 to 66 mm Hg (50%) during the course of normal pregnancy from 12 to 40 weeks. This large increase in CPP is impossible, because intracranial pressure is only a few millimeters of mercury, and maternal blood pressure is not elevated during pregnancy (CPPϭarterial pressureϪintracranial pressure). In fact, Kontos 61 severely criticized the use of TCD for measuring cerebral hemodynamics based on critical assumptions, such as no change in vessel caliber, that may not be accurate and may have important influences on outcome.
Velocity-encoded MRI can measure vessel diameter and has been used by Zeeman et al 62 to measure changes in CBF longitudinally during normal pregnancy. These authors found that CBF decreased 20% by late gestation in the large middle cerebral artery and presumed that downstream dilation of resistance vessels caused this change to maintain a steady hemodynamic state. Other studies using TCD have also found decreased CBF velocity over the course of gestation, with variable interpretations depending on whether downstream resistance was considered. 60, [63] [64] [65] TCD has also been used to study changes in cerebral hemodynamics during preeclampsia and eclampsia. During preeclampsia, when arterial pressure is significantly elevated, CPP has been found to be considerably higher than normal and, in some cases, cerebral resistance increased to limit perfusion, 66 -68 suggesting that autoregulation is intact. Cerebral perfusion pressure was significantly higher in the patients with severe preeclampsia. Because women with severe preeclampsia are more prone to neurologic complications Figure 1 . A, CBF autoregulatory curves from nonpregnant (NP) and late-pregnant (LP) anesthetized rats determined using laser Doppler and acute phenylephrine infusion. Notice that autoregulation was intact in both groups of animals from Ϸ110 to 180 mm Hg as demonstrated by little change in CBF with pressure. However, at pressures above Ϸ180 mm Hg, breakthrough occurred, substantially increasing CBF. There was no difference in the pressure of breakthrough between NP and LP animals. B, Cerebral edema formation in response to autoregulatory breakthrough in the same NP and LP rats shown in A. Notice that only the LP animals developed edema formation at this time point (10 minutes) after breakthrough. *PϽ0.05 vs NP; 1 ϭ PϽ0.05 vs LP basal pressure (partially published in Hypertension. 2007;49;334 -340). 47 including eclampsia, these authors argued that elevated perfusion pressure can lead to autoregulatory breakthrough and overperfusion injury. Although most studies on severe preeclampsia have found that elevated CPP was associated with increased resistance, other studies have found that preeclampsia and eclampsia were associated with decreased resistance and hyperperfusion. 12, 69 For example, one study comparing 6 patients with severe preeclampsia to 3 with eclampsia found that cerebral perfusion pressure was higher and CVR was decreased to a greater extent in the patients with eclampsia. 12 Decreased CVR during preeclampsia and eclampsia was further demonstrated in one study of 66 patients with hypertensive disorders (chronic, preeclampsia, and eclampsia) that found that hyperperfusion took place most significantly in patients with preeclampsia and eclampsia, but at MAPs that were considerably lower than normal values associated with the breakthrough of autoregulation. 8 An increase in CBF during preeclampsia was confirmed using T 2 -weighted MRI. 69 The importance of understanding cerebral hemodynamics during preeclampsia and eclampsia is that changes in these parameters can have a significant impact on BBB permeability and edema formation. In fact, the relationship between cerebral hemodynamics and BBB permeability has been extensively studied. 70 -74 Numerous studies have found a positive correlation between increased brain blood flow and BBB permeability. For example, when CBF was compared in areas with and without albumin extravasation in the same brain, the leaky regions were shown to have the highest blood flow, indicating loss of autoregulation and decreased CVR. 24,74 -77 It is likely that decreased CVR and hyperperfusion found during eclampsia predisposes the brain to vasogenic edema by creating an unfavorable hydrostatic pressure gradient when pressure is elevated, regardless of the cause or degree of hypertension. In addition, preexisting disease, such as preeclampsia, which is known to affect endothelial cell function in the periphery, may further promote edema if the BBB is similarly affected. It is currently unknown how preeclampsia affects the cerebral endothelium.
Autoregulation During Pregnancy and Eclampsia
Impaired cerebral autoregulation is thought to be a major influence in the development of eclamptic encephalopathy, making the effect of pregnancy on CBF autoregulation of significant interest. 4, 14, [31] [32] [33] In addition, many women who develop eclampsia do so at pressures that are considerably lower than those reported for PRES or hypertensive encephalopathy, 23,31,78 -80 suggesting that the autoregulatory curve is shifted to the lower range of pressures during pregnancy or that autoregulatory capacity is severely affected (Figure 2) . A shift in the autoregulatory curve would promote breakthrough at considerably lower pressures and may explain the development of edema without a significant elevation in pressure in some eclamptic women. Our own studies using laser Doppler to measure CBF autoregulation during late pregnancy in anesthetized rats found that there was no difference in autoregulation or the pressure of breakthrough compared with nonpregnant animals (Figure 1 ). 47 Although studies using laser Doppler can provide information regarding autoregulation of CBF and the pressure of breakthrough, how pregnancy affects CVR and hydrostatic pressure when blood pressure is elevated can be better obtained by techniques that measure absolute changes in CBF, for example, microspheres.
An understanding of CBF autoregulation changes during normal pregnancy is important, because women who develop eclampsia exhibit a wide spectrum of signs and symptoms ranging from severe hypertension and proteinuria to mild or absent hypertension with no proteinuria. 31,78 -80 In a study of 53 pregnancies complicated by eclampsia, only 7 women (13%) could be considered to have severe preeclampsia before seizure. 78 In addition, another study showed that hypertension was absent in 16% of subjects, and 79 a similar result was found in a study of eclampsia in the United Kingdom. 80 High blood pressure (Ͼ120 mm Hg diastolic) was recorded in only 70 of 383 or 20% of subjects. In fact, 21% had normal blood pressure (ie, Ͻ140/90 mm Hg). Importantly, of 201 women whose blood pressures were recorded within 60 minutes of their first seizure, the mean diastolic pressure was only 97 mm Hg. 80 The fact that some women with eclampsia do not have the clinical definition of hypertension has led to the suggestion that eclampsia is not always a progression from severe preeclamptic disease to seizure (eclampsia). 81 This concept is also important for understanding the underlying cause of the neurologic complications of the disease. It is possible that the change in blood pressure necessary to promote hyperperfusion and hydrostatic brain edema is considerably lower in pregnancy, making an increase to normal pressures pathologic. Alterna- Figure 2 . CBF autoregulatory curves (hypothetical) under various conditions. The solid black line represents normal CBF as a function of CPP. Between Ϸ60 and 150 mm Hg, CBF remains relatively constant, whereas above and below these limits, autoregulation is lost and CBF changes linearly with pressure. The solid red lines represents chronic hypertension (chronic HTN) in which the autoregulatory curve is shifted to the higher pressures, likely because of medial hypertrophy and vascular remodeling of the cerebral arteries and arterioles. The solid blue line represents a potential shift in the autoregulatory curve during normal pregnancy. This has been hypothesized to explain why some women develop eclampsia at normal blood pressures; however, our experimental data do not support this shift (see Figure 1) . The arrows point to pressures at which breakthroughs occur, demonstrating a large, steep increased in CBF. The dashed blue line demonstrates loss of autoregulation in which CBF changes linearly with pressure and is thought to occur during eclampsia.
tively, the autoregulatory curve could be shifted to the lower range of pressure during pregnancy, possibly because of the lower blood pressures that occur over the course of gestation; however, our own studies in a rat model of pregnancy did not confirm this. 47 Importantly, pressure alone may not be the only causative factor. Endothelial dysfunction that is known to occur in preeclampsia likely affects the cerebral endothelium as well, although how the BBB is affected under these conditions is not known.
Several studies have attempted to measure CBF autoregulation during normal pregnancy, preeclampsia, and eclampsia. [82] [83] [84] One study in which TCD was used to measure changes in CBF velocity in response to increases in blood pressure induced by a postural change from the left lateral to the supine position found that preeclamptic women had a more pronounced decrease in mean flow velocity, suggesting a stronger autoregulatory response. 82 Measurement of dynamic CBF autoregulation, a noninvasive technique that uses physiological changes in MAP to assess autoregulation, was performed on patients with eclampsia and found a substantial disturbance in CBF autoregulation. 83, 84 This finding is not surprising given the strict similarities in the pathologic findings of eclampsia with hypertensive encephalopathy or PRES, including loss of autoregulation, hyperperfusion, and BBB disruption.
Myogenic Activity and Endothelial Function During Normal Pregnancy and Postpartum
Although clinical studies have provided valuable information regarding the nature of eclampsia, mechanistic studies are understandably difficult. We have used isolated and pressurized posterior cerebral arteries during normal pregnancy and the postpartum state to investigate how these gestational states affect the underlying cellular mechanisms of diameter regulation, including myogenic activity, endothelial vasodilator production, and smooth muscle reactivity. 85 We found that arteries from both late-pregnant and postpartum animals underwent forced dilatation at considerably lower pressures than arteries from nonpregnant animals, suggesting that the autoregulatory curve is shifted to the lower range of pressures. This interpretation should be taken with caution, because this finding reflects only 1 isolated artery when in fact CBF autoregulation is influenced by several factors including neuronal, endothelial, and metabolic components, in addition to myogenic. 86 Pregnancy and the postpartum state also appear to affect endothelial vasodilator production and smooth muscle reactivity. Cerebral arteries from late-pregnant and postpartum animals constricted in a concentration-dependent manner to serotonin, whereas arteries from nonpregnant animals dilated. 85 Because the dilation was in the presence of both cyclooxygenase and NO inhibition, these results suggest that arteries from nonpregnant animals produce endotheliumdependent hyperperpolarizing factor in response to serotonin that is not present in arteries during pregnancy or the postpartum state that are more dominated by NO. The significance of this change in vasodilator production by the cerebral endothelium is unclear; however, it is possible that these changes contribute to hemodynamic alterations during pregnancy, similar to the periphery.
Perivascular Innervation
Cerebral pial vessels are innervated extrinsically (ie, ganglia are peripheral in origin) with fibers that contain neurotransmitters from sympathetic, parasympathetic, and trigeminal systems. 87 Although these fibers are not thought to be important for control of basal CBF, sympathetic fibers are thought to limit hyperperfusion during acute elevations in pressure. 76 Interestingly, it appears that pregnancy has a trophic effect on perivascular innervation of cerebral pial vessels (Figure 3 ). Aukes et al 88 used a panneuronal stain to show that perivascular innervation of posterior cerebral arteries was increased during pregnancy in the Dahl saltsensitive rat. Because specific neurotransmitters were not quantified, it is not clear what consequence, if any, this finding might have. Studies that investigate changes in specific neurotransmitters during pregnancy would be important to understanding the significance of these perivascular nerves. For example, trigeminal nerve fibers are nociceptive and may promote headache, 89 the most common symptom of eclampsia, 90 whereas sympathetic fibers have been shown to affect cerebral artery remodeling in response to chronic hypertension. 91 
Cerebrovascular Remodeling During Hypertension in Pregnancy
Chronic hypertension is associated with cerebrovascular remodeling that is thought to be protective of the brain. 92, 93 In particular, pressure-induced medial hypertrophy of both large and small cerebral arteries increases the wall:lumen ratio and serves to normalize circumferential wall stress that is elevated because of increased blood pressure. [92] [93] [94] [95] [96] Both hypertrophy and remodeling of large and small cerebral arteries attenuate the increased pressure in downstream microvessels, thereby protecting the BBB from disruption. 97 It should be noted that hypertension during pregnancy is a unique form of hypertension that is somewhere between acute and chronic. Therefore, the effect of hypertension during pregnancy on structural remodeling is largely unknown compared with what is known to occur during chronic hypertension.
Although medial hypertrophy of cerebral arteries is considered protective of the BBB, pregnancy appears to prevent this response to hypertension, potentially increasing the susceptibility to edema formation. Our own study examined how hypertension during pregnancy, induced by NO synthase inhibition, affected medial hypertrophy of posterior cerebral arteries. 98 NO synthase inhibition for just 7 days significantly raised arterial pressure in both nonpregnant and late-pregnant rats and caused significant medial hypertrophy in posterior cerebral arteries from nonpregnant animals. In contrast, cerebral arteries from late-pregnant animals lacked this response to hypertension and did not undergo medial hypertrophy. The observation that pregnancy prevents hypertensive remodeling and medial hypertrophy was further confirmed using another model of hypertension during pregnancy. A study that used Dahl salt-sensitive rats made hypertensive by feeding a high-salt diet for the last half of pregnancy (2 weeks) also found that only the nonpregnant rats (treated for the same time period) underwent remodeling, that is, the pregnant animals lacked any structural response to hypertension. 88 The mechanism by which pregnancy prevents hypertensive remodeling of cerebral arteries is not known but appears to be related to the pregnant state. Furthermore, the consequence of pregnancy preventing hypertensive remodeling of cerebral arteries is not clear but may promote forced dilatation at lower pressures and limit the rightward shift in the autoregulatory curve that would normally occur in response to this duration of hypertension. In addition, it is not known whether preexisting hypertensive remodeling can be reversed by pregnancy. Any reversal of hypertension-induced remodeling may further predispose women with chronic hypertension to eclampsia, because MAP is elevated, but without an increased wall: lumen ratio that is thought to be protective. The effect of pregnancy on hypertensive remodeling and medial hypertrophy of cerebral arteries is interesting and highlights an underlying mechanism by which pregnancy influences cerebrovascular structure in ways that can influence cerebral hemodynamics.
BBB During Pregnancy and Eclampsia
Understanding how pregnancy affects water flux in the brain is of particular interest given that the neurologic symptoms of eclampsia have been shown in numerous studies to involve edema formation. 8 -18 The brain is a unique organ in how it deals with water flow from the blood. 43, 44 For all other tissues there is convective water flow into the tissue with solute between the endothelial cells, and only plasma proteins are retained in the vascular space. 99 The retained protein oncotic pressure offsets the efflux of fluid because of blood hydrostatic pressure and gives rise to Starling's forces. 99 However, morphologically, brain endothelial cells are more similar to epithelial cells than to endothelial cells in peripheral blood vessels in that there is limited molecular transport because of a low rate of fluid-phase endocytosis (that limits transcellular flux) and coupling by high electrical resistance tight junctions (that limits paracellular flux). 100 These morphological features prevent the extravasation of large and small solutes and are considered the BBB. 101, 102 The tight junctions of the brain effectively prevent the movement of hydrophilic substances, including plasma proteins and univalent cations, such as Na ϩ and K ϩ . 43, 44 This serves to modify Starling's forces such that any movement of water into the brain by normal blood hydrostatic pressure is immediately opposed by the osmotic pressure gradient set up by the ions retained in the vascular lumen. 44 This unique situation prevents vasogenic edema formation under normal conditions and is considered to be a † † Figure 3 . Photomicrographs of perivascular nerves surrounding posterior cerebral arteries from nonpregnant (NP) and late-pregnant (LP) rats. There was considerably greater staining of protein gene product 9.5, a pan neuronal stain, in arteries from LP vs NP animals. A, Photomicrograph of a cerebral artery from a LP normotensive rat. B, Photomicrograph of a cerebral artery from a NP hypertensive rat. C, Graph of perivascular innervation of posterior cerebral arteries from NP and LP rats demonstrating a hypertrophic effect of pregnancy on perivascular innervation (used with permission from Am J Physiol. 2007;292:H1071-H1076). 88 protective role of the BBB. 44 Because of the prominent role of solute permeability in mediating edema formation, the effect of pregnancy on BBB permeability is clearly of interest. In addition, because of the regional heterogeneity in edema formation during eclampsia, being more prominent in the posterior region of the brain, how BBB permeability may be regionally affected by acute hypertension is also important to understand. In vitro studies using isolated and pressurized cerebral arteries found that pregnancy enhances BBB permeability to relatively large (3000 Da) solutes, but only in response to an acute elevation in pressure that caused forced dilatation of myogenic tone. 103 Studies using an in situ perfused brain model found that acute hypertension increased permeability to sodium fluorescein similarly in both nonpregnant and late-pregnant animals, though only the late-pregnant animals developed edema formation. 47 Regional heterogeneity in BBB permeability was found in our own study on late-pregnant rats that used Evan's blue to show that the posterior cerebrum had significantly greater BBB permeability compared with the anterior cerebrum in response to acute hypertension ( Figure 4) . 104 This study included only lategestation animals and suggests that one mechanism by which the posterior brain region is more susceptible to edema is because of enhanced BBB permeability in that region.
Aquaporin Expression in Brain During Pregnancy and Its Role in Eclampsia
Although increased BBB permeability can cause vasogenic edema, how pregnancy affects the hydraulic conductivity of the brain may be just as important. The aquaporins (AQPs) are a family of channel-forming transmembrane proteins that facilitate the movement of water, glycerol, and other solutes across the plasma membrane of cells and can influence hydraulic conductivity of the brain tissue. [105] [106] [107] [108] In the brain, 3 AQPs, AQP1, AQP4, and AQP9 have been identified. 108 -112 AQP4, the predominant AQP in the brain, is mainly localized in the end feet of astrocytes surrounding blood vessels, the glial limitans membranes, and ependyma. 110, 111, 113, 114 Given its location, AQP4 is thought to facilitate the movement of water at the bloodbrain interface and between brain and cerebrospinal flu- Figure 4 . A, Regional CBF in late-pregnant (LP) rats determined using microspheres at normal blood pressure and after an acute elevation in pressure to cause autoregulatory breakthrough. Notice that CBF is increased in response to phenylephrine infusion in both brain regions. B, BBB permeability to Evan's blue, measured in situ in response to phenylephrine infusion to cause autoregulatory breakthrough in the same brain regions as in A. Notice that whereas autoregulatory breakthrough increased BBB permeability in both brain regions, the posterior brain region was significantly more permeable to Evan's blue.
id. 108, 113, 115 Our own studies have demonstrated a substantial (11-to 18-fold) increase in the expression of AQP4 in rat brain during pregnancy, 116 leading to the suggestion that pregnancy alone is a state of altered brain water homeostasis. However, because AQP4 has not been found in cerebral endothelia, it is unlikely to have a role in vasogenic edema formation. A more plausible explanation for AQP4 in vasogenic edema is that it is involved in edema resolution, as has been shown recently in other brain injury models. 117 To date, no studies have examined the role of AQP4 in mediating edema in response to acute hypertension or the role of its increased expression during pregnancy. In addition, how pregnancy affects the other AQPs in the brain is completely unknown but may be important to understanding how water is handled in the brain during injury, such as during eclamptic encephalopathy.
In addition to its role in water homeostasis, AQP4 has been shown to affect K ϩ regulation in the brain and to modulate seizure activity. AQP4 knockout mice were shown to have decreased seizure threshold invoked by the chemoconvulsant pentylenetetrazol 118 or to electrically stimulated seizure, 119 a result thought to be mediated by altered K ϩ homeostasis in the brain. 120 Increased AQP expression in the brain during pregnancy may be detrimental by lowering the threshold for seizure, the hallmark of eclampsia. 90 
Animal Models of Eclampsia
Hypertension during pregnancy is a disease specific to bipedal species and, therefore, true animal models of this condition do not exist. 121 However, similar to preeclampsia, there are some useful models that mimic various aspects of eclampsia and provide valuable insight into how edema formation can occur and cause the neurologic symptoms of eclampsia. In particular, models that mimic eclamptic encephalopathy and cause hydrostatic brain edema are likely some of the most useful. These can be used in normal pregnancy and the postpartum state or in combination with models of preeclampsia to further distinguish potential mechanisms of brain edema. It is worth reemphasizing that women who develop eclampsia exhibit a wide spectrum of signs and symptoms ranging from severe hypertension and proteinuria to mild or absent hypertension with no proteinuria. 78 -80 Therefore, if studies of eclampsia were limited to models of preeclampsia, one would likely miss important mechanistic insight into the underlying cause of eclampsia.
Models of Hypertensive Encephalopathy
Because of the similarities in presentation with PRES or hypertensive encephalopathy, models of acute hypertension that have been used extensively as models of hypertensive encephalopathy during pregnancy and the postpartum state can be very useful to understanding how acute elevations in pressure during pregnancy affect CBF autoregulation, CVR, and brain edema. Both nonsurvival and survival models are described below.
Acute Hypertension: Nonsurvival
One of the most common models of acute hypertension that has been used extensively to investigate hypertensive encephalopathy involves an acute infusion of a pressor agent, such as norepinephrine or phenylephrine, to anesthetized animals. 47,70 -74 These agents are chosen because they do not cross the BBB and, therefore, raise MAP by peripheral vasoconstriction. 122 Pressures can be increased beyond autoregulatory breakthrough while measuring CBF, thereby obtaining autoregulation curves (see Figure 1) . 47 CBF can be measured indirectly by laser Doppler, which has the advantage that it is a continuous measurement over multiple pressures. The disadvantage is that only relative changes in CBF can be measured. The use of microspheres to measure absolute changes in CBF is more cumbersome and difficult but has the advantage that regional CBF can be measured (eg, posterior versus anterior cerebrum) and CVR can be determined. This model of acute hypertension can also be used in combination with an in situ perfused brain technique for measuring BBB permeability or edema formation, making this a valuable model for understanding how normal pregnancy and the postpartum state affect cerebral hemodynamics, solute permeability, and edema formation. This model can also be used in combination with a model of preeclampsia, such as the reduced uterine placental perfusion model, which contains endothelial dysfunction and oxidative stress. 123 The disadvantage of this acute hypertension technique is that the animals are anesthetized, which may alter cerebral hemodynamics and prevent seizure. In addition, it is difficult to raise pressure for more than several minutes, a short time frame for which the studies can be done.
Acute Hypertension: Survival Although currently there are no studies in which a survival model of acute hypertension has been performed during pregnancy, it is conceivable that such a technique could be performed. This would require infusion of a pressor agent in conscious animals, possibly by osmotic pump infusion. The advantage of this approach is that animals do not need to be anesthetized and can be studied for considerably longer time periods. In addition, the time course of edema formation and resolution can be determined as well as whether or not pregnancy affects seizure threshold. The disadvantage is that blood pressure measurements can be difficult.
Dahl Salt-Sensitive Rat
The Dahl salt-sensitive rat becomes severely hypertensive when fed a high-salt diet (8% NaCl) and will develop the symptoms of hypertensive encephalopathy, including autoregulatory breakthrough, BBB disruption, and edema formation, that result in seizure. 88, 124 Although potentially a good model to study the development of seizure in pregnancy because of pathologically elevated blood pressure, it takes several weeks on the high-salt diet to obtain pressures high enough to cause encephalopathy. Because of the short gestation of the rat, the high-salt diet would need to be started before mating to obtain pressures that are at pathologic levels during pregnancy.
Models of Seizure
Because seizure is the hallmark of eclampsia, models of seizure may be very useful for understanding how pregnancy alone affects seizure threshold. Various animal models of seizure exist, including genetic models of chronic epilepsy and acute chemically induced seizure. 125, 126 It is likely that epileptogenesis during eclampsia is more related to acute brain injury than genetic mutations that cause chronic epilepsy. Therefore, seizure models that are acute and related to vasogenic edema are likely the most useful. 127 Although the relationship between rat and mice models of seizure to the human condition are tenuous, insights from these models to understand how pregnancy and preeclampsia affect seizure threshold would be helpful to understanding the pathology of eclampsia.
Models of Preeclampsia
There are numerous animal models of preeclampsia that have proven useful to understanding this disease. Animal models of preeclampsia have been reviewed in detail elsewhere 121 and will be discussed here only briefly as they pertain to the cerebral circulation. Some of the maternal symptoms of preeclampsia can be mimicked by placental ischemia (reduced uterine placental perfusion) and NO synthase inhibition, including widespread endothelial dysfunction of the maternal endothelium and oxidative stress. Although we have investigated how NO synthase inhibition affects cerebral artery remodeling and autoregulation of CBF, 47, 98 how other models of preeclampsia affect the cerebral circulation is largely unknown. Of particular interest are models that include elevated antiangiogenic factors, such as sFlt-1 and endoglin, 128 as well as reduced uterine placental perfusion. Although none of these models of preeclampsia contain all of the symptoms of the disease, or are spontaneous, understanding how these various models affect the structure and function of the cerebral circulation may provide mechanistic insight into how brain edema forms and promotes the neurologic complications of eclampsia.
Perspectives
The function of the cerebral circulation is central to the development of eclamptic encephalopathy. Pregnancy alone appears to have a substantial effect on the cerebral circulation, including altering endothelial cell vasodilator production, decreasing CVR, and preventing protective hypertensive remodeling of cerebral arteries. Pregnancy may also affect BBB permeability and increase hydraulic conductivity of the brain, further promoting edema formation when blood pressure is elevated. Understanding how the cerebral circulation is altered during gestation, both under normal condition and in response to preeclampsia, is important to the treatment and prevention of eclampsia.
